Overexpression of the TCL1 oncogene has been shown to play a causative role in T cell leukemias of humans and mice. The characterization of Tcl1-deficient mice in these studies indicates an important developmental role for Tcl1 in early embryogenesis. In wild-type embryos, Tcl1 is abundant in the first three mitotic cycles, during which it shuttles between nuclei and the embryo cortical regions in a cell-cycle-dependent fashion. The absence of this protein in early embryogenesis results in reduced fertility of female mice. The present studies elucidate the mechanism responsible for the reduced female fertility through analysis of the oogenesis stages and early embryo development in Tcl1-deficient mice. Even though Tcl1 ؊/؊ females display normal oogenesis and rates of oocyte maturation͞ovulation and fertilization, the lack of maternally derived Tcl1 impairs the embryo's ability to undergo normal cleavage and develop to the morula stage, especially under in vitro culture conditions. Beyond this crisis point, differentiative traits of zygotic genome activation and embryo compaction can take place normally. In contrast with this unanticipated role in early embryogenesis, we observed an overexpression of TCL1 in human seminomas. This finding suggests that TCL1 dysregulation could contribute to the development of this germinal cell cancer as well as lymphoid malignancies.
T
he T cell leukemia͞lymphoma 1 gene, TCL1, was initially identified as a gene involved in recurrent chromosomal translocations in human prolymphocytic leukemia (T-PLL), a neoplasia often seen in ataxia-telangiectasia patients (1, 2) . In T-PLL, reciprocal translocation of the TCL1 locus at 14q32.1 with one of the T cell receptor (TCR) loci can result in inappropriate overexpression of the TCL1 gene because of the juxtaposition to TCR enhancer(s) (2) . The structure of the encoded protein is unchanged and the overexpression of Tcl1 may contribute to T cell tumorigenesis by deregulating cell proliferation and͞or cell survival. This interpretation is supported by the occurrence of mature T cell leukemia in mice carrying a TCL1 transgene under the control of a lck promoter ensuring T lineage expression (3) .
The Tcl1 protein has recently been shown to interact with Akt, the product of an oncogene that is a key participant in transduction of antiapoptotic and proliferative signals in T cells. Tcl1 can enhance Akt kinase activity and induce its nuclear translocation (4, 5) . In addition to its involvement in T cell malignancies, TCL1 is constitutively transcribed in the peripheral lymphoid tissues, predominantly in B cells (6) (7) (8) . TCL1 is expressed throughout B cell development, from the preB to the mature B cell stages, but is extinguished at the mature plasma cell stage (2) . The TCL1 gene shares significant homology with MTCP1 (mature T-cell proliferation-1), a gene identified by its chromosomal localization near the Xq28 breakpoint in T-PLL (9) . Other genes of the TCL1 family have now been identified, the TCL1b gene in humans and the Tcl1b1-b5 genes in the mouse (10) (11) (12) . All of these genes are located in close proximity to the human and murine TCL1 genes.
The developmentally regulated Tcl1 gene is normally expressed in ovary, testis, preimplantation embryos, fetal thymus, and bone marrow (12, 13) . To gain insight into the biological role(s) of Tcl1, we have generated Tcl1 null mutant mice. The present report describes the Tcl1 loss-of-function phenotype, which indicates that Tcl1 is important for in vitro preimplantation embryo development. Moreover, aberrant TCL1 expression was observed in a survey of human germinal cell cancers.
Materials and Methods
Construction of Tcl1-Deficient Mice. The Tcl1 genomic DNA was cloned from a 129͞SVJ mouse genomic library, as described (13) , and subcloned into pBluescript SK vector (Stratagene). A targeting vector was designed to replace a 5-kb BamHI-HincII fragment containing exons 2, 3, and 4 by phosphoglycerate kinase (PGK)-neo in the same transcriptional orientation as the Tcl1 gene. The targeting vector was flanked at the 5Ј-end by a 2.5-kb fragment, including Tcl1 exon I and 5Ј-untranslated region and, at the 3Ј-end, by a 5-kb of genomic DNA containing polyoma enhancer fragment-herpes simplex thymidine kinase (MC1-TK), as a counterselectable marker against random integration events. The targeting vector was linearized by digestion at the unique NotI site and electroporated into 10 7 RW-4 embryonic stem cells (Genome Systems, St. Louis) (passage 6) with 230 Volts and 500 F. Positive-negative selection was initiated 24 hr after transfection using 180 g/ml of active G418 (GIBCO͞BRL) and ganciclovir (2 M). Clones resistant to G418-ganciclovir were screened for homologous recombination by Southern blot hybridization using a 0.4-kb HincII fragment as 3Ј external probe located outside the targeting construct and confirmed by long PCR using the following primers (see Fig. 1 ): Tg, 5Ј-CGGTGGATGTGGAATGTGTGC-3Ј; neo, 5Ј-AC-CACCAACGGCTTCCTCCACT-3Ј. Chimeric mice and F 1 heterozygotes were generated from Tcl1 mutant embryonic stem cells by standard methods (14) . Wild-type and mutant C57BL͞6Jx123XSvS F 2 hybrids were used in all of the experiments. Tcl1 Ϫ/Ϫ mice obtained in crosses were genotyped by PCR analysis performed in 2 separate reactions on genomic tail DNA using wild-type primers designed to detect the exon 2 of Tcl1 genomic locus: ex2for, 5Ј-GA AGCTATGTC-CCCCAGTCA-3Ј; ex2rev, 5Ј-CAGGATCTGCCAATACA-TCG-3Ј; and G418 primers to detect the mutant null allele: G418for, 5Ј-ATTGTCTTCCCAATCCTCCC-3Ј; G418rev, 5Ј-CGACTGTGCCTTCTAGTTGC-3Ј.
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Antibodies.
A rat anti-murine Tcl1 monoclonal antibody, 5A4, and a rabbit affinity-purified antimurine Tcl1 polyclonal IgG were prepared (S.-M.K., unpublished data) and used for immunohistochemistry and microinjection, respectively. For microinjection of mouse embryos, rabbit polyclonal IgG reacting with murine and human Sp2 (Santa Cruz Biotechnology) and preimmune rabbit IgG (Sigma) were used as controls. males taking the midnight after mating as fertilization time. Wild-type eggs were obtained from 40-to 60-day-old B6D2F1 mice (Charles River Italia, Calco, Italy). Routinely, 1-cell embryos were collected 10-12 hr after fertilization, and cultured in vitro for a total of 5 days as described (15) . Cultured embryos were scored daily (between 11:00 a.m. and 1:00 p.m.) for the presence of pronuclei, progression through cleavage stages, and morphology. For microinjection, antibodies were microdialyzed against 10 mM Tris͞0.1 mM EDTA, pH 7.4 (TE) through MF filters (Millipore, Rome) and diluted to a final concentration of approximately 125-250 ng/l in TE. Cytoplasmic microinjection of anti-Tcl1 antibody (Ϸ5 pL per egg) was performed at 14-16 hr after fertilization in 1-cell embryos.
Tcl1 Expression in Mouse Embryo. Mouse MetII oocytes and preimplantation embryos at the appropriate developmental stages were fixed in 2.4% paraformaldehyde in M2 medium (14) for 1 hr at room temperature (RT). Fixed embryos were then carefully washed and incubated for 3 hr in PBS containing 0.1 M glycine and 0.3 mg/ml BSA, and then permeabilized in PBS containing 0.1% Triton X-100 for 15 min at RT. Permeabilized embryos were washed in PBS containing 1 mg/ml BSA (PBS-BSA) and then processed for immunostaining. An overnight incubation at 4°C in the presence of the first antibody was followed by a washing in PBS-BSA and 1 hr of incubation with the secondary antibody at RT. The 5A4 antimurine Tcl1 monoclonal rat antibody (1:75) and a FITC-conjugated anti-rat IgG (1:400) were used to detect Tcl1, whereas a rabbit polyclonal (1:200) and a FITC-conjugated anti-rabbit IgG (1:200) were used to detect ␤-catenin. Specimens were mounted on slides and observed by laser scanning confocal microscopy. For semiquantitative analysis of fluorescence, embryos at various developmental stages were pooled in the same drop and immunostained with the anti-Tcl1 antibody. Fluorescence emission was collected under similar excitation conditions and then quantitatively analyzed by using the METAMORPH IMAGING SYSTEM (Universal Imaging, Media, PA) software.
Semiquantitative reverse transcription-PCR reactions were performed with rTth Reverse Transcriptase on groups of 5 1-cell or 2-cell embryos for 35 cycles and by using [␣-P 32 ]dCTP (DuPont Italiana, Cologno Milanese, Italy) as tracer, as described (16) . Tcl1 mRNA was quantitated by using the ribosomal protein S16 mRNA as internal standard. Primer pairs were: Tcl1 (amplification fragment, 264 bp), 5Ј-GATCTGGGAGAAG-CACGTGTA-3Ј [118-138 nt, sense] and 5Ј-TTCAAGCAA-CATGTCCTCCA-3Ј (363-382 nt, antisense); and S16 (amplification fragment, 103 bp), 5Ј-AGGAGCGAT T TCCTG-GTGTGC-3Ј (1451-1471 nt, sense) and 5Ј-GCTACCAGGGC-CTTTGAGATGGA-3Ј (1621-1641 nt, antisense).
Immunohistochemistry. A monoclonal antihuman Tcl1 antibody (17) and two polyclonal anti-Akt and anti-phosphoAkt (Ser-473) antibody preparations (Cell Signaling, Beverly, MA; catalog nos. 9272 and 9277), were used for immunohistochemical analysis of germ cell tumors according to the manufacturer's instructions.
Results
Tc11 Knockout Mice Display a Maternal Fertility Defect. A vector replacing exons 2, 3, and 4 of the Tcl1 gene by a PGK-neo cassette ( Fig. 1 A) was used to target embryonic stem cells (Fig. 1B) . Subsequent germ-line transmission was obtained and null mice were generated as described in Materials and Methods. Tcl1
mice appeared normal at birth and had no discernible histologic abnormalities other than a modest impairment in the development and function of the immune system that is described elsewhere (S.-M.K., C.M.C., M.D.C., and G.R., unpublished data). In addition, a female fertility defect attracted our attention when we noted that litters of the Tcl1 (Fig. 1C) . This reduction in litter size became more dramatic with increasing age of the knockout mice (data not shown). Resembling a typical maternal effect, the pup number reduction in litters of Tcl1 Ϫ/Ϫ females suggested these mice may have impaired oogenesis, oocyte maturation͞ovulation, fertilization, preimplantation embryo development, implantation, and͞or postimplantation embryo development. Table 1) . Tcl1 therefore does not appear to affect ovarian oocyte and follicle development.
Tcl1 relevance to preimplantation embryo development was investigated by comparing the in vitro ability of Tcl1 Ϫ/Ϫ embryos to develop from the 1-cell stage to the blastocyst stage ( Fig. 2A) . A majority of the Tcl1 Ϫ/Ϫ embryos developed more slowly than wild-type embryos and failed to proceed beyond the 4-to 8-cell stage. This delay or blockage of blastomere proliferation of Tcl1-deficient embryos in vitro was examined further by comparing the preimplantation development in embryos obtained from crosses between wild-type and͞or Tcl1-deficient parents (Fig. 2B) (Fig. 2B) . These results were confirmed by experiments in which wild-type embryos received a single cytoplasmic injection of anti-Tcl1 antibodies at the late 1-cell stage and then were allowed to develop in vitro for 5 days (Fig. 2C) .
To determine whether the compromised blastomere proliferation of Tcl1 Ϫ/Ϫ embryos was accompanied by defective embryo acquisition of differentiative traits, two major steps of preimplantation development, zygotic gene activation (ZGA) at the early 2-cell stage and embryo compaction at the 8-cell stage, were analyzed in embryos depleted of Tcl1 by injection of anti-Tcl1 antibodies. Normal ZGA in these embryos was evidenced by the expression of phspLacZ, a DNA construct directed by the hsp70.1 gene promoter (18) , which is spontaneously activated during ZGA at the early 2-cell stage in the mouse (19, 20) (Fig. 2D) . Embryo compaction was evaluated by outlining blastomere boundaries with ␤-catenin immunostaining (21) (Fig. 2 E and F) . Tcl1-deficient embryos displayed both of these differentiative traits normally and with appropriate timing, despite their block in blastomere proliferation. Apoptosis was not evident in the cleavage-blocked embryos when analyzed by the terminal deoxynucleotidyltransferase-mediated dUTP end labeling (TUNEL) assay (data not shown). Tcl1 Expression in Wild-Type Embryos. The indication that Tcl1 is required for preimplantation development led us to examine normal Tcl1 expression and cytological localization in wild-type embryos. Semiquantitative reverse transcription-PCR and immunofluorescence analysis indicated that Tcl1 mRNA and protein are present in unfertilized eggs, 1-cell embryos and 2-cell embryos, and the Tcl1 levels increase significantly under in vitro culture conditions (Fig. 3A) (22) . At the late preimplantation stages, however, the embryonic Tcl1 content progressively declines irrespectively of the culture conditions. When intracellular Tcl1 distribution was analyzed in wild-type eggs and preimplantation embryos by confocal microscopy (Fig. 3 C-J) , Tcl1 was found to be sharply localized to the cortex of unfertilized Met II oocytes (Fig. 3C) . In 1-cell embryos, Tcl1 loses its cortical localization and is translocated to both male and female pronuclei during the S and early G 2 phases of the first cell cycle (Fig.  3D) . When the embryos approach cleavage, however, Tcl1 appears to relocate to the cortical embryo regions (Fig. 3E) that directly face the external environment (Fig. 3F ). This corticalnuclear-cortical Tcl1 shuttle pattern was also observed in two and 4-cell embryos (Fig. 3 G-I) . When 1-cell embryos with newly formed pronuclei were cultured with either the DNApolymerase inhibitor aphidicolin (Fig. 3K) or the cytokinesis inhibitor cytochalasin D (Fig. 3L) until the late 1-cell stage, the Tcl1 translocation from pronuclei to cortical region was inhibited completely, thereby indicating the dependency of this process on both cell cycle progression to the G 2 phase and microfilament integrity. Notably, this Tcl1 shuttling pattern is lost at the 8-cell stage (Fig. 3J) , a finding that correlates with the Tcl1 protein down-regulation observed in the wild-type embryos and the developmental blockade in Tcl1 Ϫ/Ϫ embryos.
Tcl1 Expression in Germinal Cell
Cancers. The finding that Tcl1 expression is tightly regulated during early embryo development, where it functions to ensure blastomere proliferation, prompted us to examine the possibility that this gene could be involved in human cancers other than T-PLL and B cell neoplasms. With a focus on early embryonic or germ cell tissues, 29 tumors of the human gonads, including 13 ovarian carcinomas, 13 testicular seminomas, one mediastinal dysgerminoma, and two teratocarcinomas were examined for Tcl1 expression by immunohistochemistry analysis with an anti-human Tcl1 monoclonal antibody (17) . This analysis revealed the expression of Tcl1 in 10͞13 seminomas and in the mediastinal dysgerminoma (Fig. 4) , but not in the other types of cancer. Tcl1 expression was confined to the nuclear and cytoplasmic regions of the seminoma cells and was not seen in normal neighboring cells. (Fig. 4A) . Because Tcl1 expression is normally detectable in the human testis only by reverse transcription-PCR analysis, and not by immunohistochemical analysis (not shown), the selective immunodetection of Tcl1 in neoplastic cells indicates the overexpression of this gene in this type of germinal cell cancer.
Because of the functionally relevant interaction that may occur between Tcl1 and Akt in vivo, we also used a set of activation specific AKT antibodies in our immunohistochemical analysis of seminomas and normal testis. Although Akt immunopositivity was detected for normal adult testis, with a stronger signal being seen with the anti-phosphoAkt antibody, Akt was undetectable in any of the Tcl1 positive tumors, with the single exception of an intratubular germ cell component present in one of the seminomas (data not shown).
Discussion
The present observation of impaired fertility in Tcl1-deficient females prompted the analysis of Tcl1 intracellular distribution and function in the early mouse embryo. The mouse zygotic genome is transcriptionally activated soon after the first embryo cleavage (15, 20, 23) . Two additional mitotic divisions then lead the embryo to the 8-cell stage at which its peripheral blastomeres compact and establish tight and gap junctional communications with each other (21, 24) , eventually resulting in blastocoel cavity formation. Our results indicate that Tcl1-deficient embryos acquire major differentiative traits normally and with the appropriate developmental timing. At the time of compaction, however, these embryos consistently display a reduced number of blastomeres, indicating a specific defect(s) in blastomere proliferation per se. As a consequence of the impaired blastomere proliferation, the in vitro cultured Tcl1 Ϫ/Ϫ embryos are unable to reach the blastocyst stage and, likewise, neither are the heterozygote embryos derived from Tcl1 Ϫ/Ϫ mothers. The presence of a paternal Tcl1 allele can only partially rescue the defect in initial blastomere proliferation, but not the eventual embryo development to the blastocyst stage, as a further indication that maternally derived Tcl1 is essential to early mouse embryo development. The Tcl1 dependency of initial embryo cleavages thus represents one of the earliest phenotypes so far elucidated in mouse gene targeted models.
Our observation that Tcl1 expression is higher under in vitro versus in vivo conditions is concordant with the findings of Minami et al. (22) who have described enhanced Tcl1 gene expression in embryos cultured without oviductal tissues. This higher expression of Tcl1 might account also for the more dramatic in vitro phenotype observed for Tcl1 Ϫ/Ϫ embryos compared with the in vivo phenotype, wherein the absence of Tcl1 in females reduces their litter size and significantly shortens their reproductive life. This suggests that alternative mechanisms may counteract the lack of Tcl1 in vivo. Tcl1 has been shown to interact with Akt to increase Akt kinase activity (4, 5) through the formation of Akt-Tcl1 hetero-oligomers (25, 26) . Tcl1 may thus act as a structural amplification loop in the phosphatidylinositol 3-kinase (PI3-kinase) Akt pathway (25) . Although the mechanism of Tcl1 action in early embryo development is not yet fully elucidated, the Tcl1 cofactor role in the PI3-kinase Akt pathway may be essential under conditions where growth factors are minimal, as for the in vitro conditions used in this study or in the absence of oviduct factors (22) .
The nuclear translocation of Tcl1 is assumed to have functional significance on the basis of the Tc11 ␤-barrel structure (27, 28) , TCL1 expression patterns in normal lymphoid and cancerous tissues (8, 17) , and the enhancing effects of TCL1 and AKT1 cotransfection (4) . The present analysis of early mouse embryos unambiguously demonstrates that Tcl1 is repetitively translocated from the extranuclear cortical region to the nucleus in a cell-cycle-dependent manner during the first three mitotic divisions. The initial localization of Tcl1 in the outmost region of embryo cortex may suggest a role for this factor in an external milieu sensing capacity. Interestingly, the abridgement of the Tcl1 shuttling by the 8-cell stage and the concordant progressive decrease in Tcl1 expression coincides precisely with the developmental blockade observed in Tcl1 Ϫ/Ϫ embryos.
A definitive interpretation of the pathogenetic significance of the elevated Tcl1 expression that we observed in seminomas will require further genetic analysis. Nevertheless, Tcl1 overexpression in human seminomas is highly suggestive in view of the fact that ectopic TCL1 overexpression is associated with the development of lymphoid tumors (3, 29, 30) . The Tcl1 associate, Akt1, may be linked to the spermatogenesis process in that Akt1 Ϫ/Ϫ mice have increased testicular cell apoptosis and attenuated spermatogenesis (31) . Although an increase in phosphorylated Akt apparently does not accompany the elevated Tcl1 expression in human seminomas, the most well-documented effect of Tcl1 is to increase Akt kinase activity. Tcl1 could thus act to maximize kinase activity of the Akt, which is present in very low levels in the seminoma cells. In this regard, transfection experiments have indicated that whereas Tcl1 is unable to directly induce Akt phosphorylation, it can effectively enhance Akt kinase activity (4). In conclusion, the present studies indicate that TCL1 plays a significant role in early embryo development and suggest that it may also contribute to the pathophysiology of male germ cells.
